Introduction
In iron-making by the blast furnace method, most of iron ores are mixed with addition of cokes and limestone, and granulated using water with a drum mixer for the following sintering process to have an appropriate size range (more than 5 mm) and strength of granules. The granulation operation is important for the iron-making because it is the first stage in the blast furnace method. The granulation process of iron ores is also known as a fatal process well to keep high permeability and reactivity of granules bed and to achieve high productivity in the sintering process.
While, the granulation process should be dependent on three factors: the first one is characteristics of iron ores, the second one is water, being sprinkled in the drum mixer. The third one is operational conditions of drum mixer, i.e., rotational speed of the drum, particles charge ratio and so on. Among them, we have focused on the third factor and discussed in this paper. Several researches have performed so far to predict granulation size of iron ores and its distribution and granulation growth rate theoretically [1] [2] [3] [4] and experimentally. [5] [6] [7] [8] In addition, the effects of rotational speed and particles charge ratio on the movement of particles have been investigated theoretically. 9, 10) However, a method for predicting a granulation rate under different conditions has not been developed yet. The reason would be that many parameters are related to the granulation process such as drum mixer size and length, rotational speed and particles charge ratio, and that we did not have any effective methods to observe the particles behavior in detail in the drum mixer. In order to predict those, first of all, behavior of particles in the drum mixer should be observed.
Simulation of the granules behavior in the drum mixer could be made by using Discrete Element Method (DEM), [11] [12] [13] which is one of the most reliable computer simulation methods for particles behavior. This has been applied to many particles behavior these days and plays a significant role to analyze the particle behavior in many fields. [13] [14] [15] [16] [17] [18] [19] [20] [21] If the DEM simulation is applied to the granulation process in the drum mixer, it gives lots of information on the granulation behavior, i.e. kinetic energy of granules, their impact energy, contact points, contact forces. These parameters may be correlated with the granulation process of particles.
In this study, effects of the rotational speed of the drum mixer and the particle charge ratio on the granulation are discussed experimentally. In addition computer simulation of granule motion in the drum mixer is also conducted to give useful information on the granules motion. We have therefore investigated on the effect of drum mixer diameter and its lean on the granulation by using the computer simulation. A numerical simulation model was developed to analyze the granulation kinetics by using the Discrete Element Method (DEM). The experiment of granulation was performed to understand the actual granulation behavior of iron ore particles. The granulation rate goes up with a decrease in a particles charge ratio and with an increase in a rotational speed of a drum mixer in the experiment. The granulation could be consisted of two processes: One is "a growing process" and the other is "a breaking process" . The former would be related to the rotation of granules and the latter would be dependent on the impact, which granules receive from others and/or a drum mixer wall. Then rotational kinetic energy and impact energy of a granule were calculated by using the DEM simulation. A granulation energy composed of both the impact energy and the rotational kinetic energy was proposed for analyzing the granulation kinetics. It increases as the rotational speed of the drum mixer rises and as the granule charge ratio drops. The granulation energy would be correlated with the actual granulation process. When the drum mixer diameter becomes large, the granulation energy decreases. When the drum mixer is leaned, the granulation energy becomes larger than at the lean of 0 degrees. That is, the drum mixer has a possibility to improve the granulation process. When the drum mixer is leaned further, the granulation energy rapidly decreases at the lean of 60 degrees. The optimum leaning angle must be.
Granulation Experiment
Granulation experiment was performed using a drum mixer, whose inner diameter and length are 600 and 200 mm, respectively. First of all, iron ore, Marra-mamba was mixed with water of 10.8 wt% with the mixer for 1 min. After prescribed granulation time, 500 g of particles was taken from the drum mixer to analyze the sizes of particles granulated. The particle size distribution of the original iron ore sample is shown in Fig. 1. 
Simulation Model for Granulation Kinetics
The simulation model is shown in Fig. 2 . The model composes of spring and dashpot, which are corresponding to the elastic and plastic nature of particles in the normal direction, respectively. In the tangential direction, the model consists of slider, spring and dashpot. The slider expresses the friction of particles. Before applying the DEM to granulation process, the model for granulation should be discussed. There are two models for the simulation of granulation process: One is trace movement of all particles ( Fig.  3(a) ), and the other is trace movement of granulated particles (granules) only as one particle ( Fig. 3(b) ). The former would be better to simulate the behavior than the latter. However, it is not realistic to simulate them because particles traced are too many and it would take a long time to simulate the behavior of granules. Therefore the later is adopted in this work, and the behavior of granules in the drum mixer has been simulated by DEM. Physical constants and simulation conditions are shown in Table 1 . Figure 4 shows the change in the median diameter of granules with the granulation time. The median diameter is growing up almost linearly as the granulation time is increased, indicating that the granulation rate is almost constant. Figure 5 shows the effect of the rotational speed on granulation after 4 min operation at 17.6 % in particle charge ratio, J. The median diameter increases slightly with an increase in the rotational speed, N/N c , where, N is the rotational speed and N c is the critical rotational speed. dian diameter falls down with an increase in particles charge ratio. The granulation process may be composed of two processes: One is "a growing process" and the other is "a breaking process". When the former is dominant, the granulation can proceed. One the other hand, when the latter is governing, the granulation is inhibited. When the particle charge ratio is high, the distance, which particles fall down from the upper side of drum mixer to the bottom, increases. The particles are accelerated, depending on the distance from the upper side to the bottom. The long distance gives high velocity to the granules, and they are impacted from other granules or drum wall. The breaking process is getting dominant. This may be one of the reasons why granulation can be inhibited at high particle charge ratio. Figure 7 shows snapshots of the granule motion simulated by DEM in the drum mixer at 0.4 in N/N c at 20 % in granule charge ratio. The granules are rising along the drum mixer wall and then falling down on the surface of the granules toward the bottom. The granules are cascading on the other granules in the drum mixer. This cascading motion of granules would be important for the granulation behavior. For example, assuming that the cascading movement does not take place when the rotational speed of the drum mixer is slow, the granulation would not be taken place. While, supposing that the cascading is not observed when the velocity of them is high, the granules collide each other and/or to the drum wall, resulting in breakage of granules. Then, the cascading motion is important for the granulation of iron ore, and the operation of the drum mixer should be conducted so as to be cascading motion. Figure 8 shows snapshots of the granule motion simulated by DEM in the drum mixer at 2 s at 20 % in granule charge ratio for different rotational speeds of the mixer. In any case, the cascading motion of granules is observed. The height, where granules reach in the drum mixer, goes up with an increase in the rotational speed of drum mixer. Furthermore in order to investigate the behavior of granules, kinetic and rotational kinetic energies of a granule were calculated, and they are shown in Figs. 9(a) and 9(b) , respectively. The kinetic energy, E k , and rotational kinetic energy, E r , are given by following equations, respectively: where, m and v are mass of granule and velocity, respectively. In the initial stage, I and w denote moment of inertia and rotational velocity, respectively. Both the kinetic energy and the rotational energy rapidly go up followed by falling down, and this motion can be seen again further. The reason why the kinetic energy goes up quickly in the initial stage should be that the granules should be lifted up to a higher location because the granules could behave like a lump at first and then have a large potential energy. While the reason why the rotational kinetic energy increases rapidly after the sudden increases of the kinetic energy could be that granules should be rolling and falling down from the higher location. After 2 s, a remarkable change in the energies has not been observed, leading to a steady state. The mean kinetic and rotational energies in the time periods from 2 to 3 s were calculated and they are shown in Figs. 10(a) and 10(b) , respectively. From the behavior of granules simulated at different granule charge ratio, the energies were calculated, and shown in Fig. 10 . The kinetic energy rises as the rotational speed of drum mixer increases, and increases with an increase in the granule charge ratio. On the other hand, the rotational kinetic energy goes up with an increase in the rotational speed of the drum mixer and with a decrease in the granule charge ratio. The ratio of number of granules on their boundary to the total number of granules decreases as the granule charge ratio increases, then it would be difficult for each granule to rotate itself because it receives forces from all directions. This is the reason why the rotational kinetic energy decreases with an increase in the granule charge ratio.
Results and Discussion

Granulation Behavior in the Experiment
Simulated Behavior of Granules in the Drum Mixer
Parameters Related to the Granulation
If the granules do not move in the drum mixer, the granulation would not be taken place. When the granules move violently, they would be broken into pieces. Therefore, the granulation is related to the movement of granules. As mentioned above, the granulation proceeds two processes: "a growing process" and "a breaking process". A parameter relating to the growing process may be rotation of granules. Assuming that granules are rotating in fine iron ore powders, the fine powders should adhere to granules like "snowman". On the other hand, a parameter relating to the breaking process may be "impact". When granules with high kinetic energy collide to the other granules, they would be broken into pieces. In order to grow the granules and to avoid breaking granules, granules would be rotated leading to the reduction of their impact. Therefore, the impact and rotational kinetic energies are important to understand the behavior. Large impact energy acts in the direction resulting in breakage of a granule, and large rotational kinetic energy acts in the direction for growth of a granule. The impact energy, E i , 19, 20) which is given by the following equation, is calculated by using DEM simulation, where, m, n and v r are mass of granules, frequency of collision, relative velocity in the normal component of granule to colliding granule, respectively. Figure 11 shows the impact energy as a function of rotational speed with a parameter of granule charge ratio. The impact energy rises with an increase in the rotational speed of the drum mixer and the granule charge ratio. This is the reason why the granules are lifted higher and they have a high potential energy. In Sec. 4.1, the reason why the median diameter of granules decreases with an increase in particle charge ratio has been discussed. According to the impact energy calculated using by computer simulation, one more reason can be considered, and this is the reason why the rotational kinetic energy decreased with an increase in the granule charge ratio shown in Fig. 10(b) .
Both the impact and the rotational energies show the similar tendency against the rotational speed of drum mixer. This does not show whether this granulation process is going on or not, and it is difficult to understand the granulation process by only the impact energy and kinetic rotational energy. Since a large impact energy, E i acts to break a granule and a large rotational kinetic energy, E r , acts to Figure 12 (a) shows the granulation energy, G, as a function of the rotational speed of the drum mixer. G increases with an increase in the rotational speed. This tendency is the same as the relation of the experiment shown in Fig. 5 . Figure 12 (b) shows G as a function of the granule charge ratio. G decreases with an increase in the granule charge ratio. This relation is similar to that in Fig. 6 . It can be concluded that the granulation energy expresses the granulation process very well. Figures 13(a) , 13(b) and 13(c) show the rotational kinetic energy and impact energy and granulation energy, G, as a function of the diameter of drum mixer, respectively. The rotational kinetic energy increases slightly with an increase in the drum diameter. The impact energy also goes up as drum diameter becomes large. On the other hand, the granulation energy, G decreases with an increase in the drum diameter. This implies that it would not work well even if the scale-up of drum mixer is carried out in similarity. The method for scaling up a drum mixer will be discussed in the future.
Scale-up of Drum Mixer
Lean Effect of Drum Mixer
Figures 14(a), 14(b) and 14(c) show the rotational kinetic energy, impact energy and granulation energy, G, as a function of lean angle with a parameter of rotational speed of drum mixer, respectively. The rotational energy goes up as the lean angle becomes large up to 45 degrees at any rotational speed of the drum mixer. This reason would be that the ratio of the number of granules on their boundary to the total number of granules increases as the drum mixer inclines and then it will be easy for each granule on their boundary to rotate itself. At 60 degrees or more the rotational kinetic energy rapidly falls down. This reason could be that the granules move together with the drum mixer and then the cascading motion of the granules is not observed. The impact energy gradually decreases with an increase up to 45 degrees in the lean angle at each rotational speed. This would be due to the decrease in the height from which the granules fall down. The impact energy quickly decreases at 60 degrees in the lean angle. This would be the same reason as that of the rotational kinetic energy. The angel at which the rotational kinetic energy and the impact energy rapidly decrease could be dependent on the frictional coefficient of iron ore and/or the amount of water added. On the other hand, G increases with an increase in the lean angle and rapidly falls down at 60 degrees. This implies that the granulation process would proceed well when the drum mixer is set at 45 degrees in the lean angle.
Conclusions
The granulation experiment and computer simulation of behavior of granules were conducted to predict the granulation process, and the followings are the summary of this work:
(1) The granulation of iron ore proceeds with an increase in the rotational speed and with decrease in the particle charge ratio.
(2) Granulation energy composed of the impact and the rotational energies has been defined in this paper, and it increases as the rotational speed of the drum mixer increases and as the granule charge ratio decreases.
(3) The granulation energy is correlated with the actual granulation process, so that this value is useful for predicting the process.
(4) When the drum diameter becomes large, the granulation energy decreases. This is corresponding to the experimental data.
(5) The drum leaned can improve granulation process. When the drum mixer is leaned further, the granulation energy rapidly decreases. The optimum lean angel is about 45 degrees.
